The 67 Zn(n,p) 67 Cu, 64 Zn(n,2n) 63 Zn, 89 Y(n,γ) 90m Y and 89 Y(n,2n) 88 Y reaction cross sections relative to the 197 Au(n,2n) 196 Au monitor reaction have been determined at the neutron energy of 14.54 ± 0.002 MeV by using the method of activation and off-line γ-ray spectrometry. The neutron energy used was obtained from the 3 H(d,n) 4 He reaction. The covariance analysis was performed by taking the uncertainties arising in various attributes and the correlations between those attributes. The analyzed results from the present measurement were compared with the literature data and evaluated data of various libraries like ENDF/B-VIII, JEFF-3.3, JENDL-4.0 and ROSFOND-2010 libraries as well as with the calculated values based on TALYS-1.9 code.
Introduction
A database of neutron-induced reaction cross sections for high-energy are essential for the construction of D-T fusion reactors, radiation safety, astrophysics, shielding material in accelerator facility, material damage studies, neutron multiplication, nuclear transmutation, accelerator-driven subcritical system, industries and for validation theoretical nuclear models [1, 2] . Among different structural materials, the neutron induced reaction of Zn and Y isotopes are of importance for the above applications. Zinc is a silver-grey, brittle, and lustrous metal, which has five stable isotopes such as 64 Zn (64.17%), 66 Zn (27.73%), 67 Zn (4.04%), 68 Zn (18.45%) and 70 Zn (0.61%). It is extensively use as structural material in advance fission and fusion reactor technology [2] . Zinc also plays essential role in nuclear forensic and medical applications because the radionuclide 63 Zn is a strong positron emitter [3] . On the other hand yttrium is the silvery white metal, lustrous, highly crystalline transition metal and is mono-isotopic element with mass number 89 [4] . Yttrium has applications in X-ray intensifying screens, lasers and is used as an oxide dispersion-strengthened (ODS) ferrite steels, which are expected to be applicant for fuel pin cladding materials in sodium cooled fast reactor [5] . Thus the accurate cross sections data of 89 Y are needed to examine how these materials are affected by neutrons in nuclear reactor [5] . Yttrium is also one of the important fusion reactor material, whose neutron induced reaction cross-section is necessary to determine within the energies of [12] [13] [14] [15] [16] [17] [18] [19] [20] MeV [4, 6, 8] .
The cross sections data for 67 Zn(n,p) 67 Cu [6] [7] [8] [9] , 64 Zn(n,2n) 63 Zn [1, 3, 7, [10] [11] [12] [13] , 89 Y(n,γ) 90m Y [4, [14] [15] [16] [17] , 89 Y(n,2n) 88 Y [5, 7, 10, [18] [19] [20] [21] [22] [23] reactions are available around the neutron energy of 14 MeV. However, there is comparably huge disagreement [1, 8, 9, 17] and ambiguity in the experimental data, which is most probably due to various nuclear parameters like half-life, γ-ray abundances, monitor cross section and types of detectors used. The neutron induced cross section data for nat Zn and 89 Y is not sufficiently precise for these applications. Thus it is needed to re-measure the neutron induced reaction cross section using more precise nuclear parameters and high resolution γ-ray detection technique [24] . The error free neutron induced reaction cross sections of nat Zn and 89 Y are still not met the requirement and hence need improvement. One more important need is the generation of covariance for the uncertainties of the measured values. Since many of the older experiments do not have data required to generate covariances, the importance of generating covariance data in the context of calculation of uncertainties for nuclear power safety has been stressed by the nuclear data community.
Considering the above facts, measurements of 67 Zn(n,p) 67 Cu, 64 Zn(n,2n) 63 Zn, 89 Y(n,γ) 90m Y and 89 Y(n,2n) 88 Y reaction cross sections at the neutron energy of 14.54 ± 0.002 MeV have been carried out by using the methods of activation and off-line γ-ray spectrometry. The 67 Zn(n,p) 67 Cu, 64 Zn(n,2n) 63 Zn, 89 Y(n,γ) 90m Y and 89 Y(n,2n) 88 Y reaction cross sections from the present work were compared with the literature data compiled in EXFOR [25] , evaluated data of various libraries and calculated values based on TALYS-1.9 code [26] .
Experimental details
The experiment was carried out by using the Purnima neutron generator (PNG) based on the Cockcroft-Walton generator at Bhabha Atomic Research Center (BARC), Mumbai. The deuterium gas was supplied to an RF ion source through which D + ions were generated, collected, focused, accelerated and incident on a titanium-tritium (TiT) target. The details of the Purnima neutron generator are given in Ref. [27] . In the current experiment the D + ion was accelerated to 180 kV, which was impinged on TiT target.
The nat Zn, Y and Au metal foils were procured from Alfa Aeaser, USA. The weights of nat Zn, Y and Au metal foils are 111.0, 25.7, 126.0 mg, respectively. The foils were independently wrapped with 0.011 mm thick Al foil to protect the radioactive contamination from each other during the time of neutron activation. The Zn-Y-Au samples stack was mounted at an angle of zero degrees with respect to the neutron beam direction. The Zn-Y-Au foils stack was irradiated for 2 h with the neutron beam produced from the 3 H(d,n) 4 He reaction. The radioactive samples of Zn-Y-Au along with Al wrapper were mounted on separate Perspex plates and taken for γ-ray spectrometry. The γ-ray counting of the Al wrapped Zn, Y and Au activated foils were counted using a pre-calibrated 185-cc Baltic HPGe detector coupled to a PC-based 4 K multichannel analyzer. A 152 Eu standard source used to perform efficiency calibration of the HPGe detector keeping the source at a distance of 1 cm from the detector end cap to decrease summing effect. The resolution of the HPGe detector has a FWHM of 1.8 keV at 1332.5 keV γ-ray photo-peak of 60 Co. A detail information of irradiation time, decay time and counting time of the irradiated samples and monitor for the reaction of interest are given in Table 1 .
Data analysis

Efficiency calibration of HPGe detector with uncertainty
The 152 Eu standard source was used to obtain the efficiency of the HPGe detector. The source activity (A 0 ) was 5036.89 ± 70.97 Bq as on 1 October 1999. The efficiency of HPGe detector was estimated by the following expression, where E γ is γ-ray energy, ɛ(E γ ) is efficiency, C is detected γ-ray counts for the counting time of 642 s, T 1 ∕2 is the halflife (13.517 ± 0.014 years) of 152 Eu, t is elapsed time between date of manufacture of source and detector calibration (19.701 years). The half-life and γ-ray branching ratio I for each of the eight γ-ray energies of 152 Eu were retrieved from NuDat 2.7 [28, 29] . The coincidence summing effect K C was determined using EFFTRAN code [30] . The counts and auxiliary data presented in Table 1 are then used in Eq. (1) to obtain efficiency ɛ(E γ ) at each of the eight identified γ-ray energy and are summarized in column 5 of Table 2 . The corresponding covariance matrix V ɛ was obtained by considering the uncertainty information in each of the four attributes C, I γ , A o and λ and correlations between them. The methodology for obtaining the covariance matrix is as given in refs. [31, 32] .
The known γ-ray energies of 152 Eu source is different from the characteristic γ-ray energies of the decay of the reaction products 67 Cu, 63 Zn, 90m Y, 88 Y and 196 Au. Therefore to determine the efficiency of the detector for the γ-ray of interest from 67 Cu, 63 Zn, 90m Y, 88 Y and 196 Au nuclides, the following linear parametric function has been considered.
The best quality of fit was achieved for n = 4, with
The following linear parametric model has been used.
Equation (3) was used to estimate the efficiencies corresponding to γ-rays emitted from the decay of the reaction products 67 Cu, 63 Zn, 90m Y, 88 Y and 196 Au. Table 3 presents the estimated efficiencies of detector corresponding the reaction products with correlations. The estimated efficiencies
presented in Table 2 are required for cross sections calculation. The procedure used in estimating the efficiencies corresponding to the characteristic γ-rays of reaction products with covariance analysis was given in refs. [33, 34] .
Neutron energy calculation
Using the parameters of the Purnima neutron generator (PNG) [35] , neutron generating head with activation samples is simulated by using GEANT4 code [36] . This code allows the simulation of the interaction of radiation with matter. It is used in applications such as high energy physics, space science, astrophysics, and medical physics, in detector modeling visualization as well as in reverse Monte Carlo simulation [36] .
The neutron energy spectrum for a deuteron energy of 180 ± 0.1 keV is simulated using GEANT4, in a convolution with deuteron energy loss and differential cross section. The head geometry and samples are simulated in the geometry class [36] . Deuteron beam diameter, shape, energy and energy spread etc. are also incorporated in the final energy production. Similarly the effect of steel flank, angular coverage of sample are also taken into account. The ENDF/B-VI [37] differential cross section was used for the calculation. A sensitive detector function is defined on the sample to read the energy of neutrons hitting on the sample. The neutron energy data projected into a histogram and normalized with the total number of events. The histogram is further normalized to the total number of counts to get the spectrum. The spectrum obtained from Genat4 is fitted with Gaussian fit 
Y reaction cross-sections with uncertainty calculation
To estimate the 67 Zn(n,p) 67 Cu, 64 Zn(n,2n) 63 Zn, 89 Y(n,γ) 90m Y and 89 Y(n,2n) 88 Y reaction cross sections for the neutron energy of 14.54 ± 0.002 MeV, the following expression has been used.
The subscripts S and M appearing in Eq. (4) represent the sample and monitor. s E n and M E n at the neutron energy E n represent the reaction cross sections. C S and C M are the detected photo-peak counts of the γ-rays corresponding to the reaction products. λ S and λ M represent decay constants, Wt S and Wt M represent weights. a S and a M represent isotopic abundances, A VS and A VM represent average atomic masses, I γS and I γM represent the γ-ray γ-ray branching ratios, ɛ(E γ ) S and ɛ(E γ ) M represent efficiencies. t i , t d and t C represent irradiation, decay and counting time, (C k ) S and (C k ) M represent the correction factors of dead time, where k represent the dead time of the detector and γ-ray selfattenuation factor ( attn ) . The self-attenuation factor ( attn ) has been estimated, whereas mass attenuation coefficient μ was retrieve from XMuDat ver. 1.0.1 for the irradiated foils using procedure given in refs. [38, 39] . The monitor cross section of 197 Au(n,2n) 196 Au reaction at the neuron energy of 14.54 ± 0.002 MeV was obtained by linear interpolation method, which is 2.1236 ± 0.0205 barns [40] .
The basic nuclear spectroscopic data with their uncertainties were retrieved from NuDat 2.7 database [29] and are summarized in Table 4 . The terms that are observed with error are σ M , C S , C M , λ S , λ M , Wt S , Wt M ,a S , A VS ,A VM , I γS , I γM ,ɛ(E γ ) S , ɛ(E γ ) M , attn S and attn M , whereas other terms such as a M ,t i , t d , t C appearing in Eq. (4) have negligible uncertainties.
The ith and jth entries of covariance matrix V σS [41] corresponding reaction products were estimated as follows.
where (s kl ) ij is the correlation between the kth attribute in the ith experiment and lth attribute in the jth experiment and
Δ(x l ) j is partial uncertainties in σ Si , σ Sj due to the kth and lth attributes, respectively. The fractional uncertainties of different parameters in obtaining the 67 Zn(n,p) 67 Cu, 64 Zn(n,2n) 63 Zn, 89 Y(n,γ) 90m Y and 89 Y(n,2n) 88 Y reactions cross section relative to 197 Au(n,2n) 196 Au monitor reaction are presented in Table 5 . The correlations observed between different observations are presented in the sixth column of Table 5 . The readers are suggested to refer the Refs. [31, 41, 42] for more details on micro-correlations. The measured results for the 67 Zn(n,p) 67 Cu, 64 Zn(n,2n) 63 Zn, 89 Y(n,γ) 90m Y and 89 Y(n,2n) 88 Y reaction cross sections at t he 14.54 ± 0.002 MeV neutron energy with uncertainties and correlations are summarized in Table 6 .
Results and discussion
The 67 Zn(n,p) 67 Cu, 64 Zn(n,2n) 63 Zn, 89 Y(n,γ) 90m Y and 89 Y(n,2n) 88 Y reaction cross sections have been measured relative to 197 Au(n,2n) 196 Au monitor reaction at the neutron energy range of 14.54 ± 0.002 MeV by using the methods of activation and off-line γ-ray spectrometric technique. The mono-energetic neutron used was obtained from the 3 H(d,n) 4 He reaction. The 152 Eu standard source was used to perform efficiency calibration of the HPGe detector. The cross sections of four different reactions were determined using the ratio method. The covariance analysis was performed by taking uncertainties arising in various (7) attributes and the correlations between those attributes. The 67 Zn(n,p) 67 Cu, 64 Zn(n,2n) 63 Zn, 89 Y(n,2n) 88 Y and 89 Y(n,γ) 90m Y reaction cross sections as a function of neutron energy were calculated using the TALYS-1.9 code [26] . TALYS code is a software for the calculation of nuclear reaction cross sections based on physics models and parameterizations. It calculates nuclear reaction cross-sections for the targets with mass larger than 12 atomic mass unit and projectiles like photon, neutron, proton, 2 H, 3 H, 3 He and alpha particles in the energy range from 1 keV to 200 MeV. Calculation of nuclear reaction cross-sections includes the direct interaction, pre-equilibrium and compound nucleus contributions. The pre equilibrium contribution can be calculated by two component excitation model. Pre-equilibrium emission takes place after the first stage of the reaction but long before statistical equilibrium of the compound nucleus is attained. For the calculation of reaction cross section, the important parameters are the gamma-ray transmission coefficient and level density parameter. Gamma-ray transmission coefficient is important for the description of the γ-ray emission channel in nuclear reactions. On the other hand, level density parameter is the most important ingredient, which permits to explore the mechanism of nuclear excitations and information about the structure of the excited nuclei. Variation of nuclear level density can be done by using the Generalised superfluid model (GSM) and Backshifted Fermi gas model (BFM) available in TALYS [26] . In Back-shifted Fermi gas model the energy-dependent level density parameter a is given as where U is the excitation energy and γ is the shell damping parameter. δW is the shell correction of nuclear binding energy, which magnitude establishes how a differ from ã at low energy. The asymptotic level density parameter ã is given as where A is the mass number, and , are the global parameters, which determined to give the best average level density.
In the present work, he 67 Zn(n,p) 67 Cu, 64 Zn(n,2n) 63 Zn, 89 Y(n,2n) 88 Y and 89 Y(n,γ) 90m Y reaction cross sections within the neutron energies of 12-20 MeV were calculated using the default option of the TALYS-1.9 code [26] .
The default values of , and γ used in the present calculation based on constant temperature model (CTM) are 0.0692, 0.2827 and 0.433, respectively. The 67 Zn(n,p) 67 Cu, 64 Zn(n,2n) 63 Zn and 89 Y(n,γ) 90m Y and 89 Y(n,2n) 88 Y reaction cross sections at the neutron energy of 14.54 ± 0.002 MeV from the present work and the literature data from the EXFOR [25] compilation within the neutron energies of 12-20 MeV are plotted in Figs. 1, 2, 3, and 4 . For comparison, the evaluated data from ENDF/B-VIII.0 [43] , JEFF-3.3 Fig. 3 . It is can be seen from Fig. 1 that the measured 67 Zn(n,p) 67 Cu reaction cross section at the neutron energy of 14.54 ± 0.002 MeV is in good agreement with the value of Kielan et al. [6] , which are in between the values of Konno et al. [7] and Xiangzhong et al. [8] . However, the data of Vinnot et al. [9] are significantly higher than the present data and literature data [7, 8] . Figure 1 also shows that the present data and literature data [7, 8] are in agreement with the calculated value from TALYS-1.9 [26] and with the evaluated data of ENDF/B-VIII, JEFF-3.1, JENDL-4.0, ROSFOND-2010 and CENDL-3.1 libraries.
For the 64 Zn(n,2n) 63 Zn reaction, Fig. 2 shows that the measured cross section from the present work is slightly higher than the literature data [1, 3, 7, [10] [11] [12] [13] . also shows that the present and literature data [1, 3, 7, [10] [11] [12] [13] within the neutron energies of 12-20 MeV are in close agreement with the evaluated data of ENDF/B-VIII.0 [43] , JEFF-3.3 [44] , JENDL-4.0 [45] and ROS-FOND-2010 [46] libraries, as well as the calculated values from TALYS-1.9 code [26] .
In the case of 89 Y(n,γ) 90m Y reaction, Fig. 3 shows that the measured cross section from the present work is slightly higher than the literature data [4, [14] [15] [16] but significantly lower than the data of Bramlitt et al. [17] . Figure 3 also shows that the 89 Y(n,γ) 90m Y reaction cross section from the present work and literature data [4, [14] [15] [16] [17] within the neutron energies of 12-20 MeV are higher than the calculated values from TALYS-1.9 code [26] For the 89 Y(n,2n) 88 Y reaction, the measured cross section from the present work at the neutron energy of 14.54 ± 0.002 MeV is in very good agreement with the literature data [5, 7, 10, [18] [19] [20] [21] [22] [23] . Figure 4 also shows that the data from the present work and literature [5, 7, [18] [19] [20] [21] [22] [23] within the neutron energies of 12-20 MeV are in agreement with the evaluated data of ENDF/B-VIII.0 [43] , JEFF-3.3 [44] , JENDL-4.0 [45] and ROSFOND-2010 [46] libraries as well as the calculated values from TALYS-1.9 code [26] .
Summary
The 67 Zn(n,p) 67 Cu, 64 Zn(n,2n) 63 Zn, 89 Y(n,γ) 90m Y and 89 Y(n,2n) 88 Y reaction cross sections have been measured relative to the 197 Au(n,2n) 196 Au monitor reaction at incident neutron energy of 14.54 ± 0.002 MeV using the methods of activation and off-line γ-ray spectrometry. A 152 Eu standard source was used for the efficiency calibration of HPGe detector. The covariance analysis was performed by taking uncertainties arising in various attributes and the correlations between those attributes. The measured cross sections for the 67 Zn(n,p) 67 Cu, 64 Zn(n,2n) 63 Zn and 89 Y(n,2n) 88 Y reactions have been compared and seen to be in good agreement with the evaluated data of various libraries and the literature data compiled in EXFOR as well as with the calculated values from TALYS-1.9. The measured cross section for the 89 Y(n,γ) 90m Y reaction has also been compared and seen to be in close agreement with the literature data compiled in EXFOR and calculated value from TALYS-1.9.
